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Second Law of Thermodynamics 



Second Law of Thermodynamics 



Three Forms: 

•Heat energy cannot be converted completely to work. Some heat must 
always be lost (It is impossible to design an engine with 100% 
efficiency), (violates the statements of Kevin-Planck and the Clausius 
statements of the second law) 

•Energy will not flow spontaneously from a low temperature object to a 
higher temperature object. 

•The total entropy (randomness) of a closed system must increase. 



Spontaneous and Non-Spontaneous processes 

Spontaneous process 

These processes which takes place without external supply. 
For example: 

Heat flows spontaneously from a hot reservoir to a cold reservoir. 
Water flows downhill spontaneously. 

Non-Spontaneous process 

These processes occur by supplying external energy to the system. 
For example: 

When water is pumped from lower level to higher level external energy required. 



Heat Engine 



A device that converts heat into work while operating in a cycle. 



The net work done by an engine 
during one cycle is equal to the 
net heat Flow into the engine 
during the cycle ( U= 0). 
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Question: Can we produce an 100% heat engine? 



Carnot Theorem 



The efficiency of a machine working reversibly depends only on the 
temperature of the source and the sink. It is independent of the nature of the 
substance or substances used for operations, "all periodic machines working 
reversibly between the same two temperature have the same efficiency" this 
statement is known as the Carnot theorem. 



Carnot Heat Engine 

Sadia Carnot in 1828 conceived an idealized theoretical engine in which the 
working substance undergoes a cycle. According to second law, it is not possible to 
draw heat from a single source to convert it completely into work continuously. 
Thus, there must be at least two heat reservoirs at different temperatures to convert 
heat into mechanical work. This concept is utilized an ideal heat engine called 
Carnot's engine to demonstrate the maximum convertibility of heat into work. In 
this system after completing a number of reversible processes return to its original 
state, hence the name d Carnot's Cycle. 

Carnot's engine consists of five parts which are: 

■ Cylinder 

■ Working substance 

■ Source 
■Sink 

■ Stand 



Carnot Cycle 

Carnot employed a reversible cycle to demonstrate the maximum 
convertibility of heat into work. The system consists of one mole of an ideal 
gas which is subjected to a series of four operations, which are: 



Car not Cycle 



I) Isothermal Expansion 



The gas is allowed to expand reversibly and 
isothermally at the temperature T l so 
that the volume increases from Vj 
represented by the point A, to V 2 
represented by point B ( the curve AB 
represent Isothermal Expansion). Since 
in the isothermal expansion of an ideal 
gas (U = 

q = - w (i.e. the heat absorbed is equal to the 
work done by the system on the 
surroundings). Lets q l be the heat 
absorbed by the system at T l and wl be 
the work done by the system on the 
surroundings. 

q, = - w, = RT, In (V/V^) 
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Carnot Cycle 



II) Adiabatic Expansion 



The gas is then allowed to expand 
reversibly and adiabatically from the 
volume V 2 to V 3 (i.e. from point B to 

Q. 

q 2 = (work done by the system on 
surroundings, w = - ve) 
W 2 = - AU = CV (T 2 -T,) = 
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Carnot Cycle 



III) Isothermal Compression 



A 



After this, the gas is subjected to a 
reversible and isothermal compression at 
lower temperature T l so that the volume 
decreases from V 3 to V 4 (i.e. from the 
point C to D). 
-q 3 = w 3 = RT 2 In (V 4 /V 3 ) 

(heat given out to the surroundings at T 2 
and W 3 ) 
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Carnot Cycle 



IV) Adiabatic Compression 



A 



Finally, by an adiabatic and reversible 
compression, the gas is restored to its 
original volume V l and T 2 (i.e. from 
point D to A). Work done on the system 
(w = +ve and q 4 = o). 

W 4 = CV (T 2 - T x ) 
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Efficiency of Heat Engine 



The fraction of the heat absorbed by an engine which it can convert 
into work gives efficiency (rj) of the engine. 

rp w/q = (T 2 - T ,)/T 2 

Since (T 2 - T 1 )/T 2 are less than 1. The efficiency depends upon the 
difference between T 2 and T v When T 1 = 0, rj = 1. 



Defined by the ratio of the heat change to the temperature at which the heat change 
takes place. 

dS = 5Qrev 
T 

5Qrev represents the heat absorbed reversibly at temperature T. 

• Entropy is a measure of randomness or disorder 

• Units for Entropy = heat/temperature (J/K) 

• When a system becomes more disordered or random, the AS is positive 

• When a system becomes more ordered or less random, the AS is negative 

Three possibilities in terms of AS- 

If AS univ > 0"-.. process is spontaneous. 

If AS univ < (>••.. process is spontaneous in opposite direction. 
If AS,, niv = 0"-. system is in equilibrium. 



Entropy changes in reversible and irreversible (spontaneous) processes 



1) Irreversible (spontaneous) process 

Consider isothermal expansion of an ideal gas at constant temperature into vacuum. 
This will evidently is irreversible process. The volume of gas increases from Y 1 to V 2 
at constant temperature T. Hence, entropy increase of the system, considering one 
mole of the gas is involved, would be given by 

AS = R In (Va/Vx) 

Since V 2 >V 1 , it is obvious that the spontaneous (irreversible) isothermal expansion of 
a gas is accompanied by an increase in the entropy of the system and its surroundings 
considered together. 



Entropy changes in reversible and irreversible (spontaneous) processes 



2) Reversible process 

In reversible process there is no opposing force, the work done by the system 
will be zero. There is no change in temperature during process; there will be no 
change in the internal energy and heat both are equal to zero. Then the entropy 
of the surroundings remain unchanged 

In the reversible isothermal expansion of a gas, the total heat change of the 
system and its surroundings considered together is zero. 



Entropy changes in reversible and irreversible (spontaneous) processes 



A thermodynamically irreversible process is always accompanied by an increase 
in the entropy of the system and its surroundings taken together while in a 
thermodynamically reversible process, the entropy of the system and its 
surroundings taken together remain unchanged. 

We may put above statement in the form of following mathematical expressions: 
AS sys + AS sur = (for reversible process) 

AS sys + AS sur > (for irreversible process) 

Combining the two, we have 
AS sys + AS sur > 

Where "equal" to sign refers to a reversible process while the "greater than" sign 
refers to an irreversible process. 



Entropy changes of an ideal gas system 



We may consider processes of three special kinds. These are: 



I. Isothermal Process 



In isothermal process, there is no change in temperature 

AS T = R In (V/V^) = - R In (P 2 /Pj) = R In (P^) 



If V 2 >V 1 , AS T will be positive. This means that isothermal expansion of an 
ideal gas is accompanied by increase in entropy and isothermal 
compression of an ideal gas is accompanied by decrease in entropy. 



Entropy changes of an ideal gas system 



2. Isobaric Process 



Isobaric processes are those which proceed at constant pressure. 

AS P = C P In (T/Ti) 

The increase in temperature of an ideal gas at constant pressure is accompanied 
by increase in entropy of an ideal gas. 



3. Isochoric Process 



Isochoric processes are those which proceed at constant volume. 

AS V = C v In (T/Ti) 

The increase in temperature of an ideal gas at constant volume is accompanied by 
increase in entropy. 

Q/ What is happen for entropy when we have an adiabatic or isentropic process? 



Entropy changes in solid and liquid system 



a. From solid phase to liquid phase 



When a solid changes into liquid state at its fusion point. The process requires 
absorption of heat. 

Consider melting point of one mole of a substance reversibly at fusion point 
T fus , at constant pressure. Let AH fus be the molar heat of fusion. The entropy 
change of process, AS fus , will then given by 

ASfus - AH fus / T fus 



Entropy changes in solid and liquid system 
b. From liquid phase to vapour phase 

When one mole of a substance changes from liquid to vapour state reversibly at 
its boiling point T b , under a constant pressure. 

Let AH vap be the molar heat of vaporization, then the entropy change 
accompanying the process will given by 

AS vap - AH vap / T b 

Since AH vap and AH fus are both positive. The processes of fusion and vaporization 
are both accompanied by increase of entropy. 

If we consider the change of state from vapour to liquid or from liquid to solid, 
then AH vap and AH fus are both negative and hence the process of condensation of 
vapour or freezing of a liquid would be accompanied by decrease of entropy. 



Entropy changes for ideal gas mixtures 



From definition of entropy 

dS = dq rev /T (1) 

According to the first law of thermodynamics, AU = q + w, we have 

dq rev = dU - dw (2) 

If work involved due to expansion of gas, then increase volume against a pressure. 

- dw = PdV (3) 

dU = C v dT (4) 

Substituting eq.(3) and (4) in eq.(2), we get 

dq rev = C v dT + PdV (5) 

For one mole of an ideal gas, 

dq rev /T = dS = C v dT/T + R dV/V (6) 

Integrating eq.(6), we have (dT/T = In T) 

S = C v InT + P InV + S (constant) (7) 



Entropy changes for ideal gas mixtures 



Remembering that C P - C v = R and PV = RT, V = RT/P 
Substituting in eq.(7), we get 

S = (C p - R) InT + R In RT/P + S G 
= C p InT - R InT + R In R + R In T - R In P + S G 
= C p InT - R In P + R In R + So 
Where S G ' (=R In R + S G ) is another constant. 

= C p lnT-RlnP+S ' 

Entropy of a system consisting of a mixture of gases would evidently be given 
by the sum of the individual entropies of the constituents at pressures or 
concentrations existing in the mixture. 



Entropy changes for ideal gas mixtures 

If n x , n 2 , n 3 , ..etc, are the numbers of moles of the various gases present in the mixture 
and pj, p 2 , p 3 , ..etc, are their partial pressures, then the entropy of mixtures is given by 
S = n, (C p InT - R In P x + S G ') = n 2 (C p InT - R In P 2 + S ') 
= n 3 (C p InT - R In P 3 + So') 

= 2n (C p InT - R In P + S ') (8) 

For partial pressure of an ideal gas is given by the expression 
P = xP (9) 

Where x is the mole fraction of that particular gas in the mixture and P is the total 
pressure. 

Substituting P by xP in eq.(8), we get 

S = 2n (C p InT - R In xP + S G ') 

S = Sn (C p InT - R In P - R In x + S ') (10) 



Combination of the First and Second laws of 

Therm ody nam ics 

The first law of thermodynamics for reversible conditions is given as follows: 

5Q rev = dE + PdV (1) 

dS = 5Q rev /T (2) 

On combining eq.(l) and (2), We obtain 

TdS = dE + PdV (3) 

This equation combines the first and second laws together. 
Enthalpy and Entropy: 

H = E + PV (4) 

On differentiating eq.(4), we get 

dH = dE + PdV + VdP (5) 

Substituting TdS = dE + PdV from eq.(3) in eq.(5), we obtain 

dH = TdS + VdP (6) 

This equation combines the first and second laws together. 



3 rd law of Thermodynamics 

The statement of third law of thermodynamics is 

"At the absolute zero temperature, the entropy of every substance may be zero 
and it does become zero in the case of a perfectly crystalline solid". 



Examples on 2 nd Law of 
Thermodynamics 



Example (1) 

Calculate the maximum efficiency of an engine operating 
between 110°C and 25°C. 



Answer: 22.2% 



Example (2) 



Heat supplied to a Carnot engine in 1897.8 KJ. How much useful work 
can be done by the engine which works between 0°C and 100°C. 



Answer = 508.7 KJ 



Example (3) 



Calculate the entropy change in the melting point of 1 Kg of ice at 0°C. heat of 
fusion ice = 334.72 J g _1 . 



Answer = 1226 J.K 1 .g- 1 



Example (4) 



Calculate the entropy increase in the evaporation of 1 mole of water at 
100°C. heat of evaporation of water at 100°C is 2259.4 J g 1 . 



Answer = 109.03 J.K 1 .g' 1 



Example (5) 



one mole of an ideal gas expand reversibly from a volume of 10 L and 

temperature 298K to 20L and temperature 250K. 

Assuming that Cv = 3/2R. 

Calculate the entropy change for the process. 



Answer = 109.03 J.K- 1 .mol _1 



Example (6) 

H.w 

One mole of an ideal gas expands reversibly from a temperature of 25°C and 
pressure 1 atm to temperature 0°C and pressure 500 mmHg. 
Calculate AS for the process. 
Assume that Cv = 3/2R. 



Answer = 1.66 J.K- 1 .mol _1 



Example (7) 

A thermostat was maintained at 370. 05K, for nearly an hour 42 KJ of heat 
leaked through the thermostat in solution into a room where the initial 
temperature of air was 300. 05K. 

i. What was the entropy change of the material in thermostat? 

ii. What was the entropy change of the air in the room? 

iii. Was the process spontaneous? 



Example (8) 

Calculate the entropy of mixing of one mole of oxygen gas and 2 moles 
of hydrogen gas. Assuming that no chemical reaction occurs and the 
gas mixture behaves ideally. 



Answer = 15.86 J.K 1 



Example (9) 

H.w 

Calculate the change in entropy accompanying the heat of 1 mole of helium 
gas, assumed ideal, from a temperature 298K to 1000K at constant 
pressure. Assume that Cv = 3/2R. 



Answer = 25.149 J.K- 1 .mol _1 



